Abstract A Monte Carlo simulation method with an instantaneous density dependent meanfree-path of the ablated particles and the Ar gas is developed for investigating the transport dynamics of the laser-ablated particles in a low pressure inert gas. The ablated-particle density and velocity distributions are analyzed. The force distributions acting on the ablated particles are investigated. The influence of the substrate on the ablated-particle velocity distribution and the force distribution acting on the ablated particles are discussed. The Monte Carlo simulation results approximately agree with the experimental data at the pressure of 8 Pa to 17 Pa. This is helpful to investigate the gas phase nucleation and growth mechanism of nanoparticles.
Introduction
Pulsed laser ablation (PLA) has emerged as one crucial technique for preparing nanoparticles of diverse materials due to its unique advantages [1−3] . The laser parameters, gas nature and pressure affect the transport dynamics of the ablated particles and the properties of nanoparticles [4−6] . The controllable growth of nanoparticles is desired for PLA, which is the same as in other deposition techniques. To realize controllable growth, numerous studies have been made for clarifying the formation mechanism of nanoparticles [7−9] . Morales and Lieber proposed that the nucleation and the growth of the nanowire can only occur in the region with supersaturated ablated-particle density and the appropriate ablated-particle temperature/velocity [10] . It is indicated that the size and density distributions of nanoparticles are mainly determined by the ablatedparticle density and velocity distributions. It is necessary to investigate the ablated-particle density and velocity distributions during the ablated particles propagating between the target and the substrate. Recently, our team simulated the ablated-particle transport dynamic in He or Ar gases at the pressure of 1000 Pa via the Monte Carlo method. The density and velocity distributions are obtained and the formation mechanism of the velocity splitting is also analyzed [11] . The pressure, however, is much higher than that in most of the experiments [12, 13] , and the formation mechanism of the two splitting cycles was not distinguished. The gas pressure is a key parameter which influences the ablated-particle density and velocity distributions, and the structural properties of the nanoparticles [14, 15] . Wood et al. discussed the silicon (Si) ablated-particle dynamics properties in He or Ar gas at the low pressure using a macroscopic fluid model [16] . However, this model cannot obtain the microscopic information of the ablated particles, which leads to the difficulty of discovering the formation mechanism of the nanostructures. Therefore, simulating the ablated-particle transport process in the low pressure gas by the Monte Carlo method is of significant interest for further investigating the formation mechanism of nanostructures.
In this paper, the ablated-particle transport dynamics in the low-pressure gas is simulated by the Monte Carlo method with the instantaneous density dependent mean-free-path of the ablated particles and the gas.
Simulation parameters
Monte Carlo simulation is an important method to demonstrate the PLA transport dynamic. Han et al. investigated the ablated-particle transport dynamics in 1000 Pa He gas via this method [17] . Recently, our team also clarified the formation mechanism of the ablatedparticle velocity splitting by this method [11] . The de-tails of the simulation process are shown in the references [11, 17] . The force acting on the ablated particles is calculated by a theorem of momentum, F =dp/dt. The mean-free-path for a dense gas can be written as
where n is the particle number density, Y is the Enskog Y-factor, and d is the effective collision diameter. In previous works, the mean-free-path, which is only determined by the initial gas density, is fixed during the entire propagation [11, 17] . That is, n is considered as a constant. For the lower gas pressure (e.g. 10 Pa), the ablated-particle number density is much greater than that of the gas atoms during the entire propagation and they vary with time and location. It results in the very long mean-free-path and the ablated-particle transport properties disappearing. To realize Monte Carlo simulation of the ablated-particle transport process in the low pressure gas, the mean-free-path is calculated based on instantaneous densities of the ablated particles and the gas atoms. At the beginning, the initial mean-freepath λ 1 is set as 10 −2 mm. In the cylinder volume with a length λ 1 and the radius 0.5 mm (radius of the laser ablated pot), the mean-free-path λ 2 is calculated by Eq. (1) and compares with λ 1 
The mean-free-path λ 2 is recalculated in the volume with the length of new λ
The simulation begins from the ablated particles just out of the Knudsen layer, because our main aim is investigating the laser-ablated particle transport dynamics. The ablated particles are composed of ions, atoms, electrons and target fragments etc. The components are very complicated. The velocity distribution of the ablated particles mainly depends on their masses, radii and initial velocity distribution. The electron and the target fragment are both ignored because the mass of the electron is very light and the number of the target fragment is few. The initial velocity of ions is greater than that of atoms. The initial velocity distribution of the ablated-particles approximately satisfies the Maxwell-Boltzmann distribution [18] . Therefore, all the ablated particles are considered as atoms. The initial density is 1.66×10 26 m −3 , the radial average velocity is 1760 m/s and the total number is 1.01×10
15 [17] . For comparing with the experimental results, Ar is taken as working gas at pressures of 8 Pa, 11 Pa, 13 Pa or 17 Pa and the target-to-substrate distance is 20 mm. Fig. 1 displays the experimental data of the current flux vs. time in the Ar gas by Wood et al. [16] and the corresponding simulated results by our model, in which (a), (b), (c) and (d) correspond to the results of 8 Pa, 11 Pa, 13 Pa and 17 Pa, respectively. It can be seen from Fig. 1 that the experimental data are approximately consistent with our simulated results. The discrepancy between the experimental data and our simulated results increases with the pressure increase, which may be attributed to the absence of the Si nanoparticle growth process, because the nucleation rate is more sensitive to the total pressure at lower pressures [19] . Increase in gas pressure results in the confinement of the ablated particles and in turn increases collisions, and the nucleation rate and the size of the nanoparticles increase [20] . Therefore, the nucleation and growth of the nanoparticles lead to the flux decreasing. During the first 0.1 µs, the ablated particles are in the state of free expansion. As time passes, the collisions of the ablated particles with the Ar gas induce the mixed region with high densities of the ablated particles and the Ar gas, and the mixed region moves forward. When the highdensity peak of the ablated particles reaches the farthest position from the Si target, and the Ar gas layer near the substrate located at 20 mm away from the Si target is strongly compressed, the mixed region moves backward. Thereafter the mixed region oscillates between the target and the substrate, until the density distribution is uniform.
Results and discussions
The radial velocity distributions of the ablated particles at the different time in Ar gas of 10 Pa are shown in That is, the velocity-intensity curves possess two distinct inflexions. The velocity splitting includes two cycles of emerging, sustaining and vanishing. The first cycle from 1.0 µs to 3.0 µs occurs during the ablated particles propagating from the target to the substrate. The second cycle from 8.0 µs to 10.0 µs occurs during the ablated particles propagating from the substrate to the target. To certify the formation mechanism of the two splitting cycles, we simulate the process of the ablated particles propagating in the gas, in which the substrate is ignored. Namely, when the ablated particles reach the surface of the substrate, they are absorbed by the substrate. Only one splitting cycle from 0.5 µs to 3.0 µs is observed (insets in Fig. 3 ). The splitting process arises from the high-velocity peak appearance and disappearance. There are two part ablated-particles to form the high-velocity peak. One is the high-velocity ablated-particles reflected by the target or the substrate, the other comes from the collisions between the high-velocity ablated particle and the Ar atom (drag force) in the interface. The two velocity peaks are merged into one low velocity peak with the drag force acting on the ablated particles increase, and the velocity splitting disappears.
The force, produced by the collisions of the ablated particle with other ablated particles or the Ar atom, is the reason that induces the change of the ablatedparticle velocity distribution. Thus the force is calculated by the ablated-particle information of the velocity and the results are shown in 10.0 µs. The velocity range of the ablated particles acted on by the driving force first appears to widen to its maximum, and then narrows to zero, accompanied by the emerging and vanishing of velocity splitting. For the first cycle, there are two separation velocity ranges of the ablated particles acted by the driving force. For the second splitting cycle, however, there is only one continuous velocity range. For the ignored substrate case, only the two separation velocity ranges appear (insets in Fig. 4 ). This indicates that the second splitting appears during the ablated particles propagating from the substrate to the target.
When the ablated particles just exit the Knudsen layer, they move in all directions. The particles, which move to the Si target, are reflected. The driving force acting on the ablated particles is produced due to the target reflection. At the early stage of the particle reflection, the ablated particles with different velocities are reflected by the target. They induce the velocity range of the ablated particles acted by the driving force to widen. At the same time, the ablated particles with a wide velocity range propagate toward the substrate, and they collide with other ablated particles in front of them with low velocity. This also makes the velocity range of the ablated particles acted by the driving force widen. As time passes, the velocity range of the ablated particles acted by the driving force narrows due to only the ablated particles with low velocity being reflected by the target and the drag force produced by the collisions of the ablated particles and the Ar atoms increasing. When the interface of the ablated particles and the Ar gas arrives at near the substrate surface, the drag force acting on the ablated particles is very large and the driving force disappears. The ablated particles begin moving back to the target. The ablated particles propagating toward the target collide with the ablated particles with lower velocity in front of them propagating in the same direction. The driving force appears again. The processes of widening and narrowing are similar to the first cycle. However, the ablated particles are confined in a smaller velocity range due to the transfer energy with the Ar atoms during propagation from the target to the substrate. Thus the velocity range of the ablated particles acted by the driving force is narrower than that of the first cycle. During the ablated particles propagating to the target, the force produced by the reflection of the substrate is the drag force, thus only one continuous velocity range of the ablated particles appears during the second splitting.
The fixed mean-free-path, which is only determined by the initial Ar gas density, is very long due to the low gas pressure. When they propagate from the target to the substrate, the collision probability of an ablated particle with other ablated particles or Ar atom is very small. During the entire propagation, the ablated particles are in the state of approximately free expansion, which results in the transport properties disappearing and so the Monte Carlo simulation cannot work. Really, the total number of ablated particles is much greater than that of the Ar gas at low gas pressure during the entire propagation. The mean-free-path is mainly determined by the density of the ablated particles. Additionally, the density varies with time and location, and the density difference is very large for different locations at the same time. The collision probability is rather large in the high density region and very small in the low density region. Therefore, the collisions are enhanced by the instantaneous density dependent mean-free-path, and the Monte Carlo simulation of the ablated particles propagation process in low pressure gas is realized.
Conclusion
In conclusion, the direct simulation Monte Carlo method with an instantaneous density dependent mean-free-path of the ablated particles and the Ar gas is applied to demonstrate the main features of the gas dynamics for PLA in the low-pressure gas. The results of Monte Carlo simulation approximately agree with the experimental data at the pressure of 8 Pa to 17 Pa in the Ar gas. The density, velocity and force distributions of the ablated particles are investigated. When the velocity range of the ablated particles acted by the driving force is in two separation ranges, the velocity splitting is formed during propagating from the target to the substrate. When only one continuous velocity range appears, the velocity splitting is formed during the ablated particles propagating toward the target. If considering the nucleation and growth of Si nanoparticles, the simulated results are in better agreement with the experimental data, due to the great influence of the nucleation and growth process on the drag force of the ablated particles.
